Before phototransduction, spontaneous activity in the developing mammalian retina is required for the appropriate patterning of retinothalamic connections, and there is growing evidence that this activity influences the development of circuits within the retina itself. We demonstrate here that the neural substrate that generates waves in the mouse retina develops through three distinct stages. First, between embryonic day 16 and birth [postnatal day 0 (P0)], we observed both large, propagating waves inhibited by nicotinic acetylcholine receptor (nAChR) antagonists and small clusters of cells displaying nonpropagating, correlated calcium increases that were independent of nAChR activation. Second, between P0 and P11, we observed only larger propagating waves that were abolished by toxins specific to ␣3 and ␤2 subunit-containing nAChRs. Third, between P11 and P14 (eye opening) we observed propagating activity that was abolished by ionotropic glutamate receptor antagonists. The time course of this developmental shift was dramatically altered in retinas from mice lacking the ␤2 nAChR subunit or the ␤2 and ␤4 subunits.
Before phototransduction, spontaneous activity in the developing mammalian retina is required for the appropriate patterning of retinothalamic connections, and there is growing evidence that this activity influences the development of circuits within the retina itself. We demonstrate here that the neural substrate that generates waves in the mouse retina develops through three distinct stages. First, between embryonic day 16 and birth [postnatal day 0 (P0)], we observed both large, propagating waves inhibited by nicotinic acetylcholine receptor (nAChR) antagonists and small clusters of cells displaying nonpropagating, correlated calcium increases that were independent of nAChR activation. Second, between P0 and P11, we observed only larger propagating waves that were abolished by toxins specific to ␣3 and ␤2 subunit-containing nAChRs. Third, between P11 and P14 (eye opening) we observed propagating activity that was abolished by ionotropic glutamate receptor antagonists. The time course of this developmental shift was dramatically altered in retinas from mice lacking the ␤2 nAChR subunit or the ␤2 and ␤4 subunits.
These retinas exhibited a novel circuit at P0, no spontaneous correlated activity between P1 and P8, and the premature induction at P8 of an ionotropic glutamate receptor-based circuit. Retinas from postnatal mice lacking the ␣3 nAChR subunit exhibited spontaneous, correlated activity patterns that were similar to those observed in embryonic wild-type mice. In ␣3Ϫ/Ϫ and ␤2Ϫ/Ϫ mice, the development and distribution of cholinergic neurons and processes and the density of retinal ganglion cells (RGCs) and the gross segregation of their dendrites into ON and OFF sublaminae were normal. However, the refinement of individual RGC dendrites is delayed. These results indicate that retinal waves mediated by nAChRs are involved in, but not required for, the development of neural circuits that define the ON and OFF sublamina of the inner plexiform layer.
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In many regions of the developing nervous system, spontaneous calcium and electrical signals have been observed even before neural circuits are fully formed or sensory transduction is possible (Yuste, 1997) . This activity may promote the functional maturation of neural circuits. For example, in the developing visual system, before eye opening, retinal ganglion cells (RGCs) spontaneously fire periodic bursts of action potentials that propagate across the ganglion cell layer (Wong, 1999) . This highly correlated, propagating retinal activity, termed "retinal waves," is mediated at least in part by synaptic transmission. Spontaneous retinal activity has been implicated in directing the refinement of connections between RGC axons and their thalamic targets in the lateral geniculate nucleus (Penn et al., 1998; Shatz and Stryker, 1988; Chapman, 2000) (but see Cook et al., 1999) . Spontaneous retinal activity has been implicated also in the establishment of orientation selectivity in primary visual cortex (Chapman and Godecke, 2000) , although other cues may be involved in the establishment of ocular dominance columns (Crowley and Katz, 1999) .
Spontaneous neural activity may also influence the development of the retina itself. Although a general blockade of action potentials with intraocular injections of tetrodotoxin had little effect on the dendritic structure of RGCs in both embryonic (Campbell et al., 1997) and postnatal cat retina (Wong et al., 1991) , manipulations of neurotransmitter systems providing synaptic input to ganglion cells had more profound effects on RGC anatomy and function. For example, Sernagor and Grzywacz (1996) demonstrated that blockade of retinal wave activity in turtle retina with intraocular injection of the general nicotinic acetylcholine receptor (nAChR) antagonist D-tubocurarine prevented the dark-rearing-induced changes in RGC receptive fields. RGC dendrites are therefore unable to respond to altered sensory experience in the absence of spontaneous correlated activity. In another example, Lau et al. (1992) demonstrated that blockade of NMDA receptors before eye opening increase the spine density of RGCs in hamster. In addition, Bodnarenko and Chalupa (1993) and Bodnarenko et al. (1995) demonstrated that the segregation of RGC dendrites into ON and OFF sublamina requires glutamatergic neurotransmission from bipolar cells.
The fact that both cholinergic and glutamatergic neurotransmission are implicated in the activity-dependent development of the retina is of significant interest, because retinal waves are modulated differentially by these two neurotransmitter systems during postnatal development (Catsicas et al., 1998; Wong et al., 1998 Wong, 1999; Sernagor et al., 2000; Zhou and Zhao, 2000) . For example, during the first 10 postnatal days (P0 -P10) in ferret, both the generation and propagation of retinal waves are blocked by neuronal nAChR antagonists (Feller et al., 1996) . In ferret retinas older than P15, waves are insensitive to nAChR antagonists and are blocked instead by ionotropic glutamate receptor antagonists . The timing of this developmental switch to glutamatergic transmission is correlated with the appearance of bipolar cell terminals in the inner plexiform layer (IPL) (Miller et al., 1999) . It has not been demonstrated previously whether the transition from cholinergic to glutamatergic waves required nAChR-mediated retinal activity.
Here we show that the circuitry that mediates retinal waves in the neonatal mouse retina makes a similar transition from nAChRmediated to ionotropic glutamate receptor-mediated transmission during postnatal development. As in the ferret retina (Penn et al., 1998) , the functional nAChR receptors mediating waves in mice contain ␣3 and ␤2 subunits. We make use of genetically altered mice lacking these nAChR subunits (Xu et al., 1999a,b) to assay their contribution to spontaneous activity in the developing retina. Mice lacking the ␣3 subunit showed retinal wave activity with altered spatiotemporal properties, whereas mice lacking the ␤2 subunit had no detectable wave activity during the first postnatal week. The absence of cholinergic-mediated waves in ␤2Ϫ/Ϫ mice induces them to make a precocious transition to ionotropic glutamate receptor-mediated waves. We then examined the contribution of nAChR-mediated waves to the maturation of anatomical circuits in the inner retina by comparing in ␤2Ϫ/Ϫ and normal mice the distribution of cholinergic processes and the stratification of RGC dendritic arbors.
MATERIALS AND METHODS
Retinal preparation. All procedures were performed in accordance with approved animal use protocols at National Institutes of Health. Retinas were isolated from newborn mice (P0 -P13) that had been deeply anesthetized with halothane and then decapitated. They were placed ganglion cell layer-up in a temperature-controlled chamber (30°C; Warner Systems) mounted on the stage of an upright microscope (Axioskop; Z eiss, Thornwood, N Y) and perf used continuously with artificial C SF (AC SF; in mM: 119 NaC l, 2.5 KC l, 1.3 MgC l 2 , 1.0 K H 2 PO 4 , 2.5 CaCl 2 , 26.2 NaHC O 3 , and 11 D-glucose) bubbled with 95% O 2 and 5% C O 2 .
Fluorescence imag ing. Isolated retinas were incubated with 10 M f ura-2 AM (Molecular Probes, Eugene, OR) in AC SF containing 1% DMSO and 0.02% pluronic acid for 2-6 hr in an oxygenated chamber at 28°C. All experiments were conducted with 380 nm illumination under a 10ϫ water immersion objective (Olympus Optical, Tokyo, Japan). Images were acquired with a silicon-intensified target camera (M I T 300; Dage, Michigan C ity, I N). An initial background frame was acquired and was subtracted on a pixel-by-pixel basis from all subsequent frames to create a difference image. The difference image was averaged over four video frames, giving a time resolution of 120 msec /frame. Images were processed by a digital video processor (DV P-32; Instrutech, Port Washington, N Y) and recorded onto s-videotape (Panasonic). The average fluorescence intensity over a 200 m 2 area was monitored on each retina to determine the frequency and peak amplitude of the fractional changes in fluorescence, ⌬F/ F. Recorded waves were digitized and analyzed on an Apple (Cupertino, CA) Macintosh computer using N IH Image software to determine the area, frequency, and velocity.
Electrophysiolog y. Whole-cell voltage-or current-clamp recordings were made using an Axopatch 200B amplifier and pC lamp6 software (Axon Instruments, Foster C ity, CA). The amplitude of postsynaptic currents (PSCs) was taken as the maximum current recorded during a compound event. V hold was Ϫ60 mV. The intracellular solution consisted of (in mM): 98.3 potassium gluconate, 1.7 KCl, 0.6 EGTA, 5 MgCl 2 , 2 Na 2 -ATP, 0.3 GTP, and 40 HEPES, pH 7.25, with KOH. The calculated E Cl was Ϫ60 mV.
Pharmacolog y. All pharmacological agents (RBI /Sigma, St. L ouis, MO) were dissolved in AC SF and bath-applied to retina. Conotoxins were provided by M. McIntosh, University of Utah, Salt Lake C ity, UT (C artier et al., 1996; L uo et al., 1998) . To facilitate peptide penetration into retinal tissue, the retinas were incubated in 2 mg /ml collagenase/dispase (Boehringer Mannheim, Indianapolis, I N) for 10 min at 30°C. Although this treatment was found to alter the spatiotemporal properties of waves in normal mice, primarily by restricting the size of propagating waves (n ϭ 3), this treatment was necessary to allow conotoxins to penetrate into the tissue (Fig. 1C) . A similar collagenase treatment was used to load retinas from animals older than P5 with f ura-2 AM (see Fig. 3C ). All drug effects were reported as mean Ϯ SD. Significance was tested using a Student's t test unless noted otherwise (Sigmastat).
Immunohistochemistr y. Mice older than P2 were perf used with a 4% solution of paraformaldehyde (Sigma) in 0.1 M phosphate buffer for 10 min. For P2 preparations, eyes were immersion-fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for 30 min. Eyecups were post-fixed for an additional 60 min. Eyes were cryoprotected in 30% sucrose in Trisbuffered saline and were cut into 14 m transverse sections on a cryostat. Sections were mounted and permeabilized in a solution containing (in %): 20 normal donkey serum, 5 sucrose, 0.5 Triton X-100, and 0.001 sodium azide for 2 hr. Primary antibodies to choline acetyltransferase (anti-ChAT, generated in goat; Chemicon, Temecula, CA) and the vesicular acetylcholine transporter (anti-VAChT, generated in rabbit; a gift from S. Landis, National Institutes of Health, Bethesda, MD) were diluted into this solution at 1:100 and 1:1000, respectively. Sections were incubated in primary antibodies at 4°C for 24 hr and fluorescence-labeled secondary antibodies for 30 min (1:50 fluorescein-conjugated anti-goat and 1:150 rhodamine red-X-conjugated anti-rabbit; Jackson ImmunoResearch, West Grove, PA). The following controls were performed to ensure primary and secondary antibody specificity: (1) incubation with no primary and then one or both secondary antibodies yielded no specific staining; and (2) incubation with one primary antibody and both secondary antibodies or both primary antibodies and one secondary antibody resulted in staining that was indistinguishable from incubation with a single primary and animal-matched secondary antibody combination.
Ganglion cell morpholog y. RGC s were filled while recording with pipettes containing 0.4 -0.5% L ucifer yellow dissolved in internal solution. Retinas were then fixed in 4% paraformaldehyde, incubated in 10 M 4,6-diamidino-2-phenylindole (DAPI) in phosphate buffer solution to label cell nuclei, mounted on slides, and viewed on either a deconvolution microscope (Scanalytics C ellscan, Axiophot) or a confocal microscope (Z eiss 410). RGC s were identified on the basis of dendritic morphology, soma size, presence of a large Na ϩ current, and, in some cases, presence of an axon. Dendritic stratifications were measured from 3-D reconstructions (N IH Image and Metamorph Software; Universal Imaging, West Chester, PA). The location and width (taken at half-maximum) of these stratifications were normalized to the width of the I PL, which was obtained by measuring the distance between DAPI-labeled nuclei in the ganglion cell layer and inner nuclear layer.
Ganglion cell dendrites were also visualized after retrograde transport of 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethyl indocarbocyanine percholate (DiI) crystals applied to the optic nerves of animals that had been perf usion-and post-fixed with 4% paraformaldehyde. Again, RGC s were reconstructed using a confocal microscope, and dendritic stratifications were counted from the 3-D reconstructions (N IH Image and Metamorph Software; see Fig. 5A2 ). The density of RGC s was measured by dividing the number of cell bodies contained in a single z section of the ganglion cell layer by the total area of that section.
Genot yping. Genotyping of mice lacking the ␣3, ␤2, and ␤4 subunits was done by PCR with primer sequences as previously described (Xu et al., 1999a,b) . ␣3Ϫ/Ϫ mice were generated in litters containing ␣3Ϫ/Ϫ, ␣3ϩ/Ϫ, and ␣3ϩ/ϩ offspring. ␤2Ϫ/Ϫ␤4Ϫ/Ϫ mice were raised on a ␤2Ϫ/Ϫ homozygote background and generated litters containing ␤4Ϫ/Ϫ, ␤4ϩ/Ϫ, and ␤4ϩ/ϩ offspring. These mice were back-crossed at least six generations into the C57black6 strain; C57black6 mice were used for comparison in all experiments. DiI labeling was also conducted in ␤2Ϫ/Ϫ␤4ϩ/ϩ and ␤2ϩ/ϩ␤4ϩ/ϩ littermate pairs.
RESULTS
Waves in P0-P7 mice are mediated by nAChRs containing ␣3 and ␤2 subunits Experiments were conducted on retinas isolated acutely from newborn mice (P0 -P13) and incubated in the calcium indicator fura-2 AM. The spatial distribution and time course of spontaneous changes in intracellular calcium concentration ([Ca 2ϩ ] i ) in the ganglion cell layer were assessed by real-time fluorescence imaging and represented by the fractional change in fluorescence ⌬F/F. Periodic changes in [Ca 2ϩ ] i are associated with membrane depolarizations driven by barrages of synaptic inputs (Feller et al., 1996) and therefore can be interpreted as a measure of cell electrical activity.
Retinal waves recorded in mice have spatiotemporal properties similar to those previously characterized in ferret (Feller et al., 1996 (Feller et al., , 1997 and chick (Wong et al., 1998; Sernagor et al., 2000) . Waves initiate in random locations and propagate across the retina, stopping at well-defined boundaries ( Fig. 1 A) . These boundaries are determined in part by a "refractory period" that we define as the period after a wave has passed through a region of the retina during which another wave cannot propagate through that same region. Using a previously described method (Feller et al., 1996) , we calculated the wave refractory period in mice to be 25-35 sec (data not shown; n ϭ 170 wave pairs, four retinas), shorter than the 40 -50 sec refractory period in ferrets (Feller et al., 1996) .
Bath application of nAChR antagonists D-tubocurarine chloride (curare, 50 -100 M; n ϭ 11 retinas) and dihydro-␤-erythroidine (1 M; n ϭ 7 retinas) blocked all spontaneous increases in [Ca 2ϩ ] i associated with retinal waves (Fig. 1 B) . This indicates that retinal waves require nAChR-mediated synaptic transmission, a result that has been observed in rabbit (Masland, 1977; Zhou, 1998) , turtle (Sernagor and Grzywacz, 1999) , and ferret (Feller et al., 1996) but not chick (Catsicas et al., 1998; Wong et al., 1998; Sernagor et al., 2000) . Nicotinic AChRs found in the CNS are either homomultimers consisting entirely of ␣7 subunits or heteromultimers containing a combination of ␣ and ␤ subunits (Sargent, 1993; McGehee and Role, 1995; Role and Berg, 1996) . In heterologous expression systems, ␣3 subunits form functional nAChRs only in the presence of either the ␤2 or ␤4 subunit (Sargent, 1993; Role and Berg, 1996) . In situ hybridization and antibody labeling have localized these subunits to the retina (Aizenman et al., 1990; Hamassaki-Britto et al., 1994) . We used high-affinity antagonists selective for nAChRs containing particular subunits or subunit combinations to identify the functional receptors mediating waves. Bath application of ␣-bungarotoxin (200 nM), a toxin with a high affinity for nAChRs containing the ␣7 subunit, only weakly attenuated periodic [Ca 2ϩ ] i increases (⌬F/F ϭ 90 Ϯ 2% of control; n ϭ 3, three mice; Fig. 1 B) . Thus, nAChRs containing the ␣7 subunit do not appear to be required for wave generation. On the other hand, ␣-conotoxin-MII (1 M) and ␣-conotoxin-AU1B (1-10 M), toxins that preferentially block ␣3␤2 and ␣3␤4 nAChRs, respectively (Cartier et al., 1996; Luo et al., 1998) , dramatically reduced wave frequency (␣-conotoxin-MII, 5 Ϯ 3% of control; n ϭ 3, three mice; ␣-conotoxin-AU1B, 45 Ϯ 10% of control; n ϭ 5, two mice; p Ͻ 0.001; Fig. 1 B) . Although the specificity of these toxins may be compromised at the high concentrations used here (Cartier et al., 1996) , and their specificity has not been determined for mouse nAChRs, the maximal inhibition by ␣-conotoxin-MII indicates that in mice, as in ferrets (Penn et al., 1998) , an ␣3-and ␤2-containing nAChR is the most critical to retinal waves.
The potential lack of specificity of conotoxins as well as the growing evidence that nAChRs in vivo may contain more than one subunit from each of the ␣ and ␤ families indicate that our pharmacological studies do not precisely define the role that ␣3 and ␤2 subunits play in retinal wave generation. Hence, we studied the spontaneous retinal activity in transgenic mice lacking either the ␣3 or ␤2 nAChR subunit or both the ␤2 and ␤4 subunits. The gross phenotypes of the ␣3Ϫ/Ϫ (Xu et al., 1999a) , ␤2Ϫ/Ϫ, and ␤2Ϫ/Ϫ␤4 Ϫ/Ϫ (Xu et al., 1999b) mice have been described previously. Generally, ␣3Ϫ/Ϫ and ␤2Ϫ/Ϫ␤4Ϫ/Ϫ mice have similar phenotypes, exhibiting a loss of function of the autonomic nervous system, delayed eye opening, and high mortality after the first postnatal week (Xu et al., 1999a,b) . The ␤2Ϫ/Ϫ mice, however, although exhibiting a normal phenotype, show abnormal passive avoidance behavior (Picciotto et al., 1995) , increased neurodegeneration with aging (Zoli et al., 1999) , and a reduced antinociceptive response to nicotine (Marubio et al., 1999) .
Correlated activity in the ␣3؊/؊ retina has altered spatiotemporal properties mediated by the extension of an embryonic wave-generating mechanism Retinas from mice lacking the ␣3 subunit exhibited spontaneous correlated activity different from that of wild-type retinas. We have classified the spontaneous activity in ␣3Ϫ/Ϫ mice into two categories: large propagating waves (each wave covering Ͼ0.075 mm 2 ) and small (Ͻ0.075 mm 2 ), co-active domains ( Fig. 2 A,B) . Note that this distinction of size is not absolute: all events Ͻ0.025 mm 2 (represented by the 1st bin in the summary histograms of Fig. 2 B) correspond to a simultaneous increase in [Ca 2ϩ ] i ; all events Ͼ0.075 mm 2 (4th-40th bins of Fig. 2 B) correspond to propagating events; and events between the size of 0.025 and 0.075 mm 2 (2nd and 3rd bins of Fig. 2 B) represent a mixture of nonpropagating and propagating events.
Consistent with the idea that propagating waves are mediated by synaptic transmission, whole-cell recordings from RGCs in ␣3Ϫ/Ϫ mice reveal periodic PSCs comparable in size and frequency with those of littermate controls (Fig. 2C) . Also, as in wild-type control retinas, the large propagating waves (Ͼ0.075 mm 2 ) in ␣3Ϫ/Ϫ retinas were blocked by the general nAChR antagonist curare (100 M; n ϭ 3; Fig. 2 A) , suggesting that other nAChR subunits compensate for the missing ␣3 subunit; we considered first the ␣7 subunit-containing nAChRs.
Although the ␣7 subunit is expressed in the retina (HamassakiBritto et al., 1994) , it is not thought to be functional on adult RGCs (Aizenman et al., 1990; Baldridge, 1996) . In agreement with these observations, bath application of ␣-bungarotoxin did not decrease significantly the magnitude of ⌬F/F (data not shown, 66.7 Ϯ 9.6% of control in ␣3Ϫ/Ϫ mice; n ϭ 3; 79.1 Ϯ 5.3% in ␣3ϩ/ϩ mice; n ϭ 4; p ϭ 0.281) indicating that waves in ␣3Ϫ/Ϫ mice are not mediated by increased numbers of ␣7 subunit-containing nAChRs. Other candidates for compensatory receptor subunits are the ␣5 and ␣6 subunits. They are expressed in the retina Vailati et al., 1999) and have been shown to form functional nAChRs with ␤2, ␤3, and ␤4 subunits (Ramirez-Latorre et al., 1996) . Note that these other subunits may form functional nAChRs in combination with ␣3 and ␤2 subunits in normal mice, in which case the compensation may involve upregulation of subunits that are normally expressed.
In addition to propagating waves, ␣3Ϫ/Ϫ mice supported a pattern of activity previously unobserved in the developing, postnatal retina. This activity was characterized by spontaneous increases in [Ca 2ϩ ] i correlated across small regions containing only 10 -20 cells (ϳ0.025-0.075 mm 2 ). None of the events observed in wild-type mice is limited to such a small region of the retina (Fig.  2 B, red arrow) . These simultaneous [Ca 2ϩ ] i increases did not propagate away from initiation sites, and their appearance was not sensitive to bath application of curare (0 of 29 waves in curare were Right, Effects of ␣-conotoxin-AU1B (AU1B) and ␣-conotoxin MII (MII ) on the number of waves per minute per square millimeter. The collagenase treatment necessary for peptide penetration restricted wave propagation (see Materials and Methods) and made ⌬F/F measurements in a small region a poor reflection of the overall activity level. Therefore, the conotoxin effects on wave activity were measured by counting the number of waves observed in the total imaged area in a 10 min period. Scale bar, 100 m.
large compared with 52 of 157 events in control; n ϭ 3 retinas, Fig.  2 A, B, second column, bottom) . We considered the possibility that these events are mediated by the activation of GABA A receptors, a situation that would be similar to the compensation seen in developing spinal cord (Chub and O'Donovan, 1998; Milner and Landmesser, 1999) . However, these small events were not sensitive to 100 M picrotoxin, a GABA A receptor antagonist (85 Ϯ 5% of control ⌬F/F in ␣3Ϫ/Ϫ mice; n ϭ 2; 87.5 Ϯ 3.5% in ␣3ϩ/ϩ mice; n ϭ 2; includes small and large events), raising the possibility that these correlated increases in [Ca 2ϩ ] i are nonsynaptic in origin. The changes in the spatiotemporal properties of all spontaneous activity in ␣3Ϫ/Ϫ mice are summarized in Table 1 . In comparison with littermate controls, the interval between waves and the interval between initiations were approximately halved in ␣3Ϫ/Ϫ mice. However, although the interval between events decreased, the speed of wavefront propagation was comparable, indicating that the intercellular coupling responsible for the propagation of the activity is not likely to have changed. Interestingly, neither propagating waves nor the smaller regions of simultaneous [Ca 2ϩ ] i increases in ␣3Ϫ/Ϫ mice consistently respected refractory boundaries defined by previous waves as observed in wild-type mice.
The above results imply that in ␣3Ϫ/Ϫ mice there are two distinct mechanisms that underlie spontaneous generation of correlated activity in the retina. The mechanism underlying the gen- Inter-event interval is the period between consecutive correlated increases in [Ca 2ϩ ] i in a small area (Ͻ200 m 2 ) of the retina. Wave speed was measured along a line perpendicular to the wave front (Feller et al., 1997) . Initiation interval is the time between wave initiations within the entire imaged region (Ͼ1 mm 2 ). For embryonic normal mice and ␣3Ϫ/Ϫ mice, the initiation intervals in the presence of curare are also listed. eration of larger waves requires nAChR-mediated synaptic transmission not involving either ␣3 or ␣7 subunit-containing nAChRs. In contrast, the mechanism responsible for the smaller regions of simultaneous [Ca 2ϩ ] i increases is neither nAChR nor GABA A receptor-mediated.
To determine whether these compensatory mechanisms are novel or are the extension of a prenatal phenotype, we studied the properties of waves in normal embryonic mice. The earliest age at which we could record reliably spontaneous increases in [Ca 2ϩ ] i using fluorescence imaging of fura-2 was embryonic day 16 (E16) or E17. Similar to the postnatal ␣3Ϫ/Ϫ retinas, embryonic retinas exhibited two kinds of spontaneous correlated activity: larger propagating waves that were more sensitive to curare (events covering Ͼ0.075 mm 2 ) and small regions (covering Ͻ0.075 mm 2 ) that underwent correlated increases in [Ca 2ϩ ] i and were insensitive to nAChR antagonists (Fig. 2 A, third column) . There was a lower percentage of larger waves in the E17 compared with ␣3Ϫ/Ϫ retina (14 vs 33% E17 normal vs P0 -P5 ␣3Ϫ/Ϫ mice; Fig. 2 B) , and these larger waves were more sensitive to curare than the small waves (4 of 93 events in curare covered an area Ͼ0.075 mm 2 vs 19 of 139 events in control). Waves seen in E17 retinas were similar to those of ␣3Ϫ/Ϫ retinas in that they did not always respect the refractory boundaries defined by previous waves. At E17, however, a given local retinal area participated in more spontaneous events than were observed in postnatal ␣3Ϫ/Ϫ retinas. This increase is attributable in part to a reduction in the wave initiation interval (Table  1) . These results suggest that retinal waves seen in ␣3Ϫ/Ϫ mice may be mediated, at least in part, by an extension of the embryonic activity-generating mechanism. These experiments do not address whether the presence of the ␣3 subunit in normal mice acts to suppress the initiation of these small, nonpropagating events or whether the ␣3 subunit mediates all propagating events.
␤2؊/؊ mice do not have nAChR-mediated retinal waves
Unlike the ␣3Ϫ/Ϫ mice, mice lacking the ␤2 subunit or ␤2 and ␤4 subunits of nAChRs exhibited no correlated spontaneous activity between P1 and P8, as assessed by fluorescence imaging. We found this to be the case for ␤2Ϫ/Ϫ␤4ϩ/ϩ (n ϭ 8), ␤2Ϫ/Ϫ␤4ϩ/Ϫ (n ϭ 12), and ␤2Ϫ/Ϫ␤4Ϫ/Ϫ mice (n ϭ 7), indicating that the ␤2, not the ␤4 subunit, is critical in establishing this phenotype.
We found that lack of nAChR-mediated waves between P1 and P8 significantly altered the development of the circuits that mediate waves at other ages. We compared the properties of waves in P0 and P8 -P12 ␤2Ϫ/Ϫ mice with those measured in control retinas as described above. Waves recorded in P0 ␤2Ϫ/Ϫ mice are significantly different from those in normal postnatal mice ( Fig. 3A ; n ϭ 7 mice; compared with Fig. 2 A, first column) . First, P0 ␤2Ϫ/Ϫ retinas exhibited both small regions with simultaneous increases in [Ca 2ϩ ] i and propagating waves that traversed larger regions of the retina. Second, a large percentage of waves propagated across the entire imaged area (Ͼ1 mm 2 ; n ϭ 3 ␤2Ϫ/Ϫ␤4Ϫ/Ϫ mice; n ϭ 2 ␤2Ϫ/Ϫ␤4ϩ/Ϫ mice; n ϭ 3 ␤2Ϫ/Ϫ␤4ϩ/ϩ mice; Fig. 3B ), which is rarely seen in control animals (Fig. 2 B) . Third, neither the coactive regions nor the propagating waves were inhibited by curare (100 M; n ϭ 7 experiments, six mice; Fig. 3A) . Fourth, waves recorded in P0 ␤2Ϫ/Ϫ mice did not respect refractory boundaries (Fig. 3A) . Other spatiotemporal properties of these waves are listed in Table 1 .
Mouse retinas, like ferret (Wong, 1999) and rabbit (Zhou and Zhao, 2000) retinas, make a developmentally regulated switch from a nAChR-mediated wave-generating circuit to one mediated by ionotropic glutamate receptors (Fig. 3C) . In normal animals, between P5 and P11, waves are blocked by nAChR antagonists (2 M dihydrobetaerthroidine or 100 M curare; n ϭ 28 in 11 mice). During this period, the amplitudes of the ⌬F/Fs associated with waves are attenuated but not blocked by non-NMDA glutamate receptor antagonists (25 M DNQX or 50 M CNQX; ⌬F/F ϭ 50.4 Ϯ 17.0% of control; n ϭ 26 in 13 mice). Between P12 and P14, however, we observed that waves are completely blocked by the non-NMDA receptor antagonists (n ϭ 5 in 4 mice). Waves at these older ages are weakly modulated by nAChR antagonists (⌬F/F ϭ 64.8 Ϯ 12.6% of control; n ϭ 2 in two mice). These results indicate that the developmental switch in wave-generating circuitry occurs at approximately P11 in normal animals.
In ␤2Ϫ/Ϫ mice, waves are absent between P1 and P8. When they emerge at P8, waves are mediated by an ionotropic glutamate receptor-based circuit (Fig. 3C) . These waves are always blocked by non-NMDA receptor antagonists (n ϭ 8, three ␤2Ϫ/Ϫ mice) but not by nAChR antagonists (⌬F/F ϭ 90.6 Ϯ 13.5% of control; n ϭ 8, three ␤2Ϫ/Ϫ mice). In accordance with these imaging results, whole-cell current-clamp recordings in 14 of 14 RGCs from normal mice (n ϭ 5 mice, P7-P13) and in 28 of 31 RGCs from ␤2Ϫ/Ϫ mice (n ϭ 10 mice, P7-P13) showed rhythmic spontaneous depolarizations (data not shown). The periodicity of these depolarizations was not significantly different (intervals of 74.08 Ϯ 10.90 sec for normal and 70.98 Ϯ 7.08 sec for ␤2Ϫ/Ϫ mice; p ϭ 0.81), and the depolarizations were blocked by bath application of 25 M DNQX (n ϭ 8 cells in 5 mice for normal mice; n ϭ 13 cells in seven ␤2Ϫ/Ϫ mice). These observations on the pharmacological profile of waves in ␤2Ϫ/Ϫ mice suggest that the absence of an nAChR-based circuit allows for the precocious appearance of glutamate receptormediated waves. We did not study this transition in ␣3Ϫ/Ϫ mice, because most of these mice die by P8 (Xu et al., 1999a) .
Altered retinal waves do not alter the stratification of cholinergic amacrine cells
Because ␤2Ϫ/Ϫ mice lacked retinal waves and ␣3Ϫ/Ϫ mice had altered retinal waves during the first postnatal week of development, we studied them to determine whether nAChR-mediated activity influences the anatomical features of the inner retina. We first examined the distribution of retinal cholinergic neurons, a subpopulation of amacrine cells called starburst amacrine cells (Vaney, 1984; Masland and Tauchi, 1986) . The highly stereotyped distribution of these cells is well characterized in a number of mammalian species (Voigt, 1986; Vardi et al., 1989; Famiglietti, 1991) . Their processes stratify very early in development into either a single OFF or ON sublamina (Feller et al., 1996; West Greenlee et al., 1998) . To determine whether activation of nAChRs containing ␣3, ␤2, or ␤4 subunits was required for the distribution and stratification of starburst amacrine cells, we used two antibodies directed against markers of cholinergic neurons, anti-ChAT and anti-VAChT.
At all ages examined, ChAT was localized to a subset of amacrine cell somas located both in the inner nuclear layer (INL) and displaced into the ganglion cell layer (GCL), and it was colocalized with VAChT in the amacrine cell processes in the ON and OFF sublaminae (Fig. 4) . Except at the earliest ages examined, VAChT was not found in amacrine cell somas. Both ChAT and VAChT expression were evident at P2, although ChAT expression was often quite low (data not shown). At all developmental ages, there was no difference in the distribution and stratification of ChAT-or VAChT-immunopositive cells among normal, ␤2Ϫ/Ϫ, and ␣3Ϫ/Ϫ retinas (n ϭ 3 retinas for each phenotype and age). Similar results were found for P2 and P8 ␤2Ϫ/Ϫ␤4Ϫ/Ϫ retinas (n ϭ 3 mice each age; data not shown). These findings suggest that neither the subunit composition of retinal nAChRs nor the existence of nAChR-mediated retinal waves influences the development or distribution of cholinergic processes.
Waves mediated by ACh have a limited role in the stratification of RGC dendrites
The adult IPL is organized into five distinct strata where different cell types, defined by a combination of immunohistochemical markers and physiological response properties, make their synaptic connections in spatially segregated bands (Wassle and Boycott, 1991; Kolb, 1997) . The five strata are grouped into two sublaminae: the two strata closest to the INL constitute the OFF sublamina and contain processes of cells responding to decreases in illumination; the three strata closest to the RGC layer constitute the ON sublamina and contain the processes of cells responding to increases in illumination (Kolb, 1997) . Previous work indicates that RGC dendritic stratification depends on glutamate-mediated afferent activity from bipolar cells (Bodnarenko and Chalupa, 1993; Chapman et al., 1996) . However, as seen in Figure 4 , during the developmental period (P0 -P8) when retinal waves are mediated normally by activation of nAChRs, cholinergic neurons in ␤2Ϫ/Ϫ and ␣3Ϫ/Ϫ retinas were already stratified in distinct layers within the ON and OFF sublaminae of the IPL. Because distinct classes of RGCs co-stratify with cholinergic neurons (Vardi et al., 1989; Famiglietti, 1992) , we asked whether RGC dendritic stratification was altered by the absence of normal nAChR-mediated retinal activity. We therefore compared the developmental time course of RGC dendritic stratification in wild-type and ␤2Ϫ/Ϫ mice.
To assay stratification, we applied crystals of the lipophilic fluorescent tracer molecule DiI to the optic nerve stump of paraformaldehyde-fixed eyes from both normal and transgenic animals (Fig. 5A1) . This technique permits bulk loading by passive diffusion of most or all of the RGCs in the retina (Bodnarenko et al., 1995) . RGC dendritic processes were then reconstructed from fluorescence images of whole-mount retinas taken on a confocal microscope and later analyzed in cross section to determine the number of dendritic strata and the thickness of the IPL (Fig. 5A2) . In each retina, confocal scans were conducted at four to eight locations across the mid-to mid-peripheral retina.
At P2, the inner retina in both normal and ␤2Ϫ/Ϫ mice was quite immature, with a thick GCL (two or three cell bodies thick), a thin IPL, and no apparent dendritic stratifications (Fig. 5A2, top) . By P8, at the end of the period with no wave activity in ␤2Ϫ/Ϫ retinas, nearly all regions studied in both normal and ␤2Ϫ/Ϫ mice had segregated into at least two distinct bands, the presumptive ON and OFF sublaminae (Fig. 5A2, middle) . Thus the lack of nAChR activation did not prevent this first stage of gross segregation. There was a small but insignificant difference, however, in the extent of dendritic stratification between normal and transgenic mice. The number of distinct layers observed in the IPL ranged from one to four strata in both normal and ␤2Ϫ/Ϫ retinas (Fig.  5A3) . These variations in the number of strata did not correlate with different locations in the retina. In P8 wild-type mice the median number of strata observed was three (n ϭ 19 measurements from three normal mice; Fig. 5A3 ). In P8 ␤2Ϫ/Ϫ retinas, the median number of strata was two (n ϭ 17 from four ␤2Ϫ/Ϫ mice), but this difference was not statistically significant (Mann-Whitney test, p ϭ 0.21). The retinas of P8 ␤2Ϫ/Ϫ␤4Ϫ/Ϫ and ␣3Ϫ/Ϫ mice had significantly narrower IPLs, perhaps because of the reduced overall size of the eye (Xu et al., 1999a,b) , and RGC dendrites were not stratified or were only weakly stratified into two distinct sublaminae (data not shown, 8 measurements, two ␤2Ϫ/Ϫ␤4Ϫ/Ϫ mice; 20 measurements, four ␣3Ϫ/Ϫ mice). These were not included in the population analysis. Dendritic stratification of ␤2Ϫ/Ϫ ␤4ϩ/Ϫ mice was not measured.
Between P8 and eye opening (P14), when retinal waves are mediated by ionotropic glutamate receptor-mediated transmission, the IPL in both normal and ␤2Ϫ/Ϫ mice approximately doubled in size, and RGC dendrites segregated into four or five distinguishable strata (Fig. 5A2, bottom) . These findings are consistent with previous observations that this refinement is mediated by glutamatergic neurotransmission (Bodnarenko and Chalupa, 1993) , because this transmission persists in ␤2Ϫ/Ϫ mice between P8 and P14.
DiI labeling of RGCs also allowed us to ensure that there was no change in the density of RGCs between normal and ␤2Ϫ/Ϫ retinas. RGCs undergo a tremendous amount of apoptotic cell death during the first few postnatal days in mice; approximately half of all RGCs die during this period (Young, 1984) . Recent experiments indicate that RGC survival may require spontaneous retinal activity (Shen et al., 1999) . By counting the DiI-labeled RGCs in the confocal section containing the ganglion cell layer (Fig. 5A1, left  frame) , we determined that at P8, after the period of cell death, there was no significant difference in the density of cells between normal and ␤2Ϫ/Ϫ mice (1266 Ϯ 433 cells/mm 2 ; n ϭ 23, four normal mice; 1300 Ϯ 310 cells/mm 2 ; n ϭ 14, five ␤2Ϫ/Ϫ mice; p ϭ 0.79). We conclude that the absence of waves from P1 to P7 did not alter the overall amount of cell death. However, the spontaneous correlated [Ca 2ϩ ] i increases mediated by some compensatory mechanism seen in P0 ␤2Ϫ/Ϫ mice (Fig. 3A) may be sufficient to initiate an activity-dependent survival process (Shen et al., 1999) .
Although application of DiI to the optic nerve allowed us to visualize the dendritic stratification of RGCs averaged over the entire population of RGC types, this technique might have overshadowed the effects of wave-induced activity on individual cell types. It is possible that nAChR transmission mediates the stratification of only a subset of RGCs, because only a subset of RGCs is known to colocalize with the ChAT-positive bands shown in Figure 4 A (Vardi et al., 1989; Famiglietti, 1992) . Therefore, we quantified the stratification of individual RGCs in both wild-type and ␤2Ϫ/Ϫ mice.
Individual RGCs were filled using a whole-cell recording pipette containing internal solution and the fluorescent dye Lucifer yellow (0.5%). Fluorescence images of filled RGCs acquired with either a deconvolution microscope or a confocal microscope enabled us to measure the width of dendritic stratification and its location within the IPL (Fig. 5B1) . To measure the IPL width, all somas were stained by bath application of DAPI; the width of the IPL was taken as the distance between DAPI-labeled cell nuclei in the GCL Figure 5B2 contains the measurements of individual RGC stratification widths organized by location within the IPL.
At P2, consistent with the DiI measurements, we found that dendrites of individual RGCs from wild-type (n ϭ 11 cells, two mice) or ␤2Ϫ/Ϫ mice (n ϭ 13 cells, two mice) ramified throughout the IPL (Fig. 5B3) . By P7-P8, RGC dendrites in control retinas were more narrowly stratified than those in ␤2Ϫ/Ϫ retinas (47 Ϯ 20% of IPL; n ϭ 28 cells, five normal mice; compared with 70 Ϯ 21% of IPL; n ϭ 34 cells, six ␤2Ϫ/Ϫ mice; p Ͻ 0.001; Fig. 5B2,B3 ). In addition, RGC dendrites in control retinas showed some restriction to the ON or OFF sublaminae, whereas those in ␤2Ϫ/Ϫ retinas did not (Fig. 5B2) . By P14, in both wild-type (n ϭ 13 cells, two mice) and ␤2Ϫ/Ϫ (n ϭ 10 cells, three mice) mice, nearly all the RGCs were narrowly stratified (Fig. 5B3) . Thus, the observation that the strata in ␤2Ϫ/Ϫ retinas are delayed in formation compared with normal mice at P7-P8 (Fig. 5A ) could be attributable to the delayed segregation of a subset of RGCs into the appropriate strata.
DISCUSSION

Altered activity patterns can change the development of functional circuits that mediate retinal waves
In mouse retina, the synaptic circuitry responsible for the spontaneous generation of correlated [Ca 2ϩ ] i increases in the GCL evolves through three stages: E16 -P0, P0 -P11, and P11-P14 (Fig.  6 ). Normal embryonic retinas support spontaneous activity that comprises simultaneous increases of [Ca 2ϩ ] i in small clusters of cells mediated by a non-nAChR circuit and activity that propagates over substantially larger regions mediated by the activation of nAChRs. During the first postnatal week, the normal retinal circuitry matures so that there are no longer small coactive domains but only propagating activity that is dependent on cholinergic transmission mediated by ␣3 and ␤2 subunit-containing nAChRs. We have demonstrated that mice lacking the ␣3 subunit continue to support nAChR-mediated propagating retinal activity for at least 5 postnatal days. In contrast, ␤2Ϫ/Ϫ retinas cannot support activity during the first postnatal week, indicating that the ␤2 and not the ␣3 subunit is required to form postsynaptic nAChRs that mediate waves.
During the second postnatal week, propagating activity is mediated, at least in part, by ionotropic glutamate receptors. Is cholinergic activity required for the normal development of the glutamatergic wave-generating circuit? We observed that ␤2Ϫ/Ϫ mice do make the switch to ionotropic glutamate receptor-mediated waves; however, they make this transition 3-4 d earlier than normal mice (Fig. 3C) . Note that although ionotropic glutamate receptor antagonists do not block fluorescence changes of the overall cell population in control P8 -P11 retinas, they do block the rhythmic depolarizations recorded by whole-cell current clamp in individual RGCs. This apparent discrepancy might be attributable to the fact that recordings are from primarily ␣-type RGCs, and this particular subtype of RGC may be more sensitive to glutamatic modulation a few days earlier than the network as a whole.
It is important to emphasize that even before the transition to ionotropic, glutamate receptor-mediated waves occurs in normal mice, the amplitude of fluorescence changes associated with retinal waves is reduced in the presence of ionotropic glutamate receptor antagonists (Fig. 3C) . Glutamate secreted from migrating neurons or from transient photoreceptor synapses in the IPL may modulate spontaneous firing before bipolar cell synapses form (see Wong et al., 2000, Discussion) . Thus, upregulation of this source of glutamate or possibly a premature establishment of bipolar cell synapses in the IPL may lead to the precocious onset of the glutamatergic circuit induced by the lack of nAChR-mediated waves.
Our studies reveal a novel non-nAChR-based mechanism for wave generation. The small, coactive regions seen in embryonic normal and postnatal ␣3Ϫ/Ϫmice (Fig. 2 A) , as well as the propagating activity observed in P0 ␤2Ϫ/Ϫ mice (Fig. 3A) , persist in the presence of general nAChR antagonists. This activity may be mediated by a combination of gap junctions and chemical synaptic transmission, in some cases involving metabotropic receptormediated signaling (Catsicas et al., 1998; Wong et al., 1998; Sernagor and Grzywacz, 1999; Zhou and Zhao, 2000) . Similar mechanisms have been proposed to account for spontaneous activity in a variety of circuits throughout the developing CNS (Yuste, 1997) , including the hippocampus (Leinekugel et al., 1997; Garaschuk et al., 1998) and neocortex (Yuste et al., 1992; Owens and Kriegstein, 1998; Schwartz et al., 1998; Peinado, 2000) . It is unlikely that activity would be propagated via diffusion of extracellular excitatory substances, such as potassium (Burgi and Grzywacz, 1994; Sernagor and Grzywacz, 1999) , because the regions of activation are quite limited (Copenhagen, 1996) .
The observation that different circuits can generate rhythmic depolarizations and propagating activity patterns in the same neural circuit at different stages of development is not unique to the retina. The developing chick spinal cord supports spontaneous correlated activity among synaptically connected interneurons and motoneurons that also undergoes a developmental change in circuitry. The primary neurotransmitter that drives activity switches from acetylcholine at E5 (Milner and Landmesser, 1999) to glutamate at E10 (O'Donovan and Chub, 1997) . Remarkably, even at a single developmental stage, spinal cord circuits can produce appropriate rhythmic activity via more than one mechanism. Activity suppressed by nicotinic (at E5) or ionotropic glutamatergic (at E10) receptor blockade is restored after some delay, now mediated by GABAergic and glycinergic transmission (Chub and O'Donovan, 1998; Milner and Landmesser, 1999) . Thus both the retina and spinal cord can alter their normal developmental program to compensate for the lack of activity, perhaps through a homeostatic regulation of the firing properties of the network (O'Donovan and Chub, 1997; Feller, 1999) .
nAChR-mediated waves play a limited role in the segregation of RGC dendrites into the adult pattern of strata
Cholinergic neurons are present in the mouse retina, and the patterning of their projections defines the ON and OFF sublaminae very early in retinal development (Fig. 4) . This agrees with studies in other species: cat (Dann, 1989; Mitrofanis et al., 1989) , chicken (Spira et al., 1987; Layer et al., 1997) , marsupials (West Greenlee et al., 1998) , rabbit (Wong and Collin, 1989) , and ferret (Feller et al., 1996) . In mouse, we found that RGC dendrites are localized to the ON and OFF sublaminae by P8 and further segregate into the five strata that characterize the adult retina by P14 (Fig. 5) . Again, this finding is consistent with the early stratification of RGC dendrites seen in ferret (Bodnarenko et al., 1999) and cat (Bodnarenko et al., 1995) . Although the maintenance of RGC Figure 6 . Summary of development of the synaptic circuitry that mediates waves in normal, ␤2Ϫ/Ϫ, and ␣3Ϫ/Ϫ retinas. Each color corresponds to a different wave-generating circuit: yellow corresponds to non-nAChR circuitry that mediates the nonpropagating events in embryonic normal and postnatal ␣3Ϫ/Ϫ mice and the propagating event in P0 ␤2Ϫ/Ϫ mice; red corresponds to circuits that require activation of nAChRs; and blue corresponds to circuits that require activation of ionotropic glutamate receptors. The wave-generating circuitry in ␣3Ϫ/Ϫ retinas was not studied in the second postnatal week because of the premature death of the transgenic mice. dendritic segregation into ON and OFF sublaminae is known to be activity-dependent (Bodnarenko and Chalupa, 1993; Wingate and Thompson, 1994; Bodnarenko et al., 1995) , the absence of spontaneous, correlated activity in the ␤2Ϫ/Ϫ retinas did not prevent initial segregation of RGC dendrites into the ON and OFF sublaminae. It did delay, however, their further refinement into the adult pattern of strata.
The ON-OFF segregation of ganglion cell dendrites is thought to be directed by the activity of glutamatergic bipolar cells whose axon terminals are restricted to either the ON or OFF sublaminae of the IPL (Bodnarenko and Chalupa, 1993) . In the developing cat retina, inhibition of glutamatergic synaptic transmission from ON cone bipolar and rod bipolar cells with intraocular injections of the metabotropic glutamate receptor agonist 2-amino-4-phosphonobutyrate prevents the initially diffuse population of RGC dendrites from segregating into ON and OFF sublaminae (Bodnarenko and Chalupa, 1993; Chapman, 2000) . This failure to segregate is permanent, and functional studies of the mature visual system reveal many RGCs exhibiting both ON and OFF responses to light (Bisti et al., 1998) .
Our findings indicate, however, that the initial segregation into ON and OFF sublaminae may occur before bipolar cells have made functional synapses in the IPL. In the rat retina, bipolar cell terminals, identified by recoverin immunolabeling, segregated into the ON and OFF sublaminae of the IPL by P8 (Gunhan-Agar et al., 2000) ; in the ferret retina, this process begins at P10 and is complete by P15 (Miller et al., 1999) . In ferret, the appearance of bipolar cell axon terminals in the IPL coincides with the transition of spontaneous, correlated activity from an nAChR-to a glutamate receptor-mediated process . Assuming that in mouse retina the developmental switch from nAChR-mediated to ionotropic glutamate receptor-mediated activity coincides with the maturation of glutamatergic bipolar cell processes, these processes should appear at approximately P11. Because the initial segregation into ON and OFF sublaminae in normal and ␤2Ϫ/Ϫ mice occurs by P8, it must occur independently of both nAChRmediated and bipolar cell-mediated activity. This is consistent with the recent finding that mice deficient in the predominant bipolar cell metabotropic glutamate receptor mGluR6 have normal segregation of RGC dendrites (Tagawa et al., 1999) .
What then drives the initial RGC dendritic segregation? One possibility is that activation of ionotropic glutamate receptors during the first postnatal week (Fig. 3C) is necessary for RGC dendrites to migrate into the appropriate sublaminae . However, because the cholinergic circuitry is organized so early in development, it seems likely that it plays some role in organizing synaptic connections in the inner retina. The earliest markers of ON and OFF sublaminae found in the chick IPL are the cholinergic synapse-associated enzymes butrylcholinesterase and acetylcholinesterase. These molecules appear very early in embryonic development when the IPL first forms (Layer et al., 1997) and may serve as signals for the initial RGC dendritic stratification. In turtle retina, choline acetyltransferase also precedes the formation of synapses (Nguyen et al., 2000) . The idea that molecules can define sublaminae in the IPL could also explain bipolar cell stratification in the absence of postsynaptic targets (Gunhan-Agar et al., 2000) . If cholinergic synapses are the scaffolding around which the ON and OFF sublaminae are built, the finding that ON-OFF segregation occurs in mice lacking either ␣3 or ␤2 nAChR subunits suggests that lamination is guided either by cholinergic transmission mediated by muscarinic AChRs (Zhou and Zhao, 2000) by non-␣3, -␤2, or -␤4 nAChRs or by an activity-independent mechanism.
We found that cholinergic transmission did play a role in the refinement of RGC dendritic arbors into the five distinct strata that define the adult IPL. The delay of this refinement in P8 ␤2Ϫ/Ϫ retinas may result directly from a lack of cholinergic inputs onto RGC dendrites or indirectly from a reduced cholinergic drive onto glutamatergic bipolar cells (Hamassaki-Britto et al., 1994) . The delay we observed in the stratification of RGCs in P8 ␤2Ϫ/Ϫ mice was eliminated by P14, indicating that spontaneous activity mediated by ionotropic glutamate receptors is sufficient to drive the stratification of RGC dendrites into their adult pattern.
In summary, we have characterized the changes in the spontaneous activity and anatomy of retinas from mice lacking ␣3, ␤2, or ␤2 and ␤4 subunits of the nAChR. Together, our findings indicate that nAChR-mediated spontaneous activity plays a distinct role in the normal developmental progression of functional circuits that mediate waves and a more limited role in the formation of the ON-OFF anatomical circuits in the inner retina.
